Abstract-Aqua carries three microwave radiometers that form an integral part of the Atmospheric Infrared Souding (AIRS) sounding suite. Two Advanced Microwave Sounding Unit-A modules, one operating with two channels in the 23-31-GHz range and one operating with 12 channels in the 50-60-GHz range and one channel at 89 GHz, provide all-weather temperature soundings and cloud information. The Humidity Sounder for Brazil operates with four channels in the 150-190-GHz range and provides all-weather humidity and cloud soundings. All are crosstrack scanners, as is AIRS. While there are significant differences between these three instruments, they are sufficiently alike that a common approach can be used to calibrate them. We describe the instruments and their heritage, the onboard calibration system, and the ground-based calibration processing.
I. BACKGROUND
T HE AIRS sounding suite on Aqua is comprised of the Atmospheric Infrared Sounder (AIRS), the Advanced Microwave Sounding Unit A (AMSU-A), and the Humidity Sounder for Brazil (HSB), and it is designed to support the operational weather prediction needs of the National Oceanic and Atmospheric Administration (NOAA) as well as the global change research objectives of the National Aeronautics and Space Administration (NASA). The three components of this sounding system are tightly coupled, in an operational sense as well as in terms of the ground data processing. Although the infrared sounder is the centerpiece, it is unable (as are all infrared radiometers) to penetrate clouds. The microwave radiometers, on the other hand, are only moderately affected by clouds and can, therefore, provide crucial information that makes it possible to largely remove the effects of clouds on the infrared observations. It is, therefore, the microwave sounders that make all-weather infrared soundings possible.
AMSU-A is primarily a temperature sounder. Its most important function in the AIRS system is to provide atmospheric information in the presence of clouds, which can be used to correct the infrared measurements for the effects of the clouds. This cloud-clearing technique has been demonstrated to work well for scenes that are partially cloudy-at up to 75% to 80% cloud cover and is used routinely by NOAA as part of the operational processing of Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder (TOVS) data obtained from its polar-orbiting weather satellites. This technique is discussed in detail in [1] . AMSU-A also provides important information on low-altitude water vapor, cloud liquid water distrubution, and precipitation that can be used to derive parameters not obtainable from infrared measurements. The instrument is a direct descendant of the Microwave Sounding Unit, a component in the original TOVS system and which was designed and built by the NASA Jet Propulsion Laboratory. AMSU-A was built by Aerojet (now Northrop Grumman) under a contract with NASA. Prior to the Aqua AMSU-A, a series of three nearly identical instruments were built for NOAA. The first NOAA AMSU-A was launched as part of the Advanced TOVS system on the first of NOAA's new generation of weather satellites, NOAA-K (now NOAA-15) in May 1998. The second was launched in September 2000 on NOAA-L (now NOAA-16), and the third in the series was scheduled for launch soon after the Aqua launch.
HSB is primarily a humidity sounder. Its function in the AIRS system is to provide supplementary water vapor and liquid data to be used in the cloud-clearing process discussed above. It is also used with AMSU-A data to detect precipitation and provide rain rate estimates [2] . This instrument is a near copy of what was originally intended to form a part of a unified AMSU system. AMSU-A was to be the temperature sounder, and AMSU-B was to be the moisture sounder. This concept survived, albeit as separate instruments with different spatial resolutions. AMSU-B was built by British Aerospace under the auspices of the United Kingdom Meteorology Office and was first launched, along with AMSU-A, on NOAA-K/15. The performance of the first AMSU-B was disappointing, due to an unanticipated susceptibility to interference from the spacecraft transmitters. However, the RF shielding of HSB has been modified and enhanced. The NOAA-16 AMSU-B was also modified and has been operating flawlessly, and HSB is not expected to exhibit this susceptibility.
HSB is a near identical copy of AMSU-B and was built by a branch of Matra Marconi Space (now Astrium), which also built AMSU-B (then part of British Aerospace), under contract with Brazil's National Institute for Space Research (INPE). Due to budget constraints, HSB implements only four of the five AMSU-B channels, but is otherwise functionally identical to AMSU-B. Some minor modifications have been made to account for the Aqua orbit being different from the TIROS orbitwhich causes the thermal environment to be different, and some parts are from new suppliers. This, together with some design modifications, has resulted in HSB performing somewhat better than AMSU-B. The acquisition process and other aspects of HSB are discussed in detail elsewhere [3] .
U.S. Government work not protected by U.S. copyright. 
II. INSTRUMENT DESCRIPTION
In this section we give a brief description of AMSU-A and HSB. Much of the information used to describe HSB pertains equally well to AMSU-B, since the two are virtually identical.
A. AMSU-A
AMSU-A is a 15-channel microwave sounder implemented as two independently operated modules: module 1 (AMSU-A1, illustrated in Fig. 1 ) has 12 channels in the 50-58-GHz oxygen absorption band that provide the primary temperature sounding capabilities and one channel at 89 GHz that provides surface and moisture information, while module 2 (AMSU-A2, illustrated in Fig. 2 ) has two channels-at 23.8 and 31.4 GHz-that provide information about the surface (i.e., emissivity and temperature) and about low-altitude moisture (i.e., water vapor, liquid water, and rain), particularly useful over ocean. AMSU-A1 measures 72 cm 34 cm 59 cm, weighs 49 kg and consumes 77 W. AMSU-A2 measures 73 cm 61 cm 86 cm, weighs 42 kg, and consumes 24 W.
Like AIRS, AMSU-A is a crosstrack scanner. The three receiving antennas-two for AMSU-A1 and one for AMSU-A2-are parabolic focusing reflectors that are mounted on a scan axis at a 45 tilt angle, so that radiation is reflected from a direction perpendicular to the scan axis into a direction along the scan axis (i.e., a 90 reflection). Radiation from a direction within the scan plane, which depends on the angle of rotation of the reflector, is then reflected and focused onto the receiver aperture-a conical feedhorn. This is illustrated schematically in Fig. 3 .
The design of the antenna system is such that a slightly diverging conical "beam" is formed that has a half-power width (also called the 3-dB width) of approximately 3.3 , with a 10 variation from channel to channel. The diameters of the reflector apertures (i.e., perpendicular to the beams) are 13.2 cm 5.2 for AMSU-A1 and 27.4 cm 10.8 for AMSU-A2. The beam is approximately Gaussian-shaped at the center and receives a significant portion of its energy outside the half-power cone. Approximately 95% to 97% of the energy is received within the so-called main beam, which is defined as 2.5 times the half-power beam-i.e., the AMSU-A main beam is 8.25 wide. Significant energy (i.e., up to 5%) is therefore received from outside the main beam. Fig. 4 shows a typical AMSU-A antenna pattern. The pattern in the vicinity of the main beam is called the near sidelobes, while that further away is called the far sidelobes. The far sidelobes contribute significantly to the uncertainty of the measurements.
The feedhorn is followed by a multiplexer, which splits the RF energy into two or more parallel signal paths that proceed to the receiver-a heterodyne system, where each channel is down converted, filtered, and detected. AMSU-A1 has two such RF front ends, while AMSU-A2 has one. It should be emphasized that AMSU-A1 and AMSU-A2 are two completely independent instrument modules, with separate power, telemetry, and command systems. They are also mounted independently on the spacecraft. The two AMSU-A1 receivers, on the other hand, are tightly coupled and share main system resources. The two antennas are scanned independently, although they share a common scan control system, and the scan positions of both antennas are reported in the telemetry.
The antenna reflectors rotate continuously counterclockwise relative to the spacecraft direction of motion (i.e., the axis), completing one revolution in 8 s (the three scan mechanisms are all synchronized to the spacecraft clock, to within a few milliseconds). Such an 8-s scan cycle is divided into three segments. In the first segment, the earth is viewed at 30 different angles, symmetric around the nadir direction, in a step-and-stare sequence. The antenna is then quickly moved to a direction that points it toward an unobstructed view of space (i.e., between the earth's limb and the spacecraft horizon) and pauses while two consecutive cold calibration measurements are taken. Next, the antenna is again quickly moved to the zenith direction, which points it toward an internal calibration target that is at the ambient instrument temperature and pauses while two consecutive warm calibration measurements are taken. Finally, the antenna is again quickly moved to the starting position to await the synchronization signal to start a new scan cycle. Fig. 5 illustrates this-the normal operational scan mode. (There is also a stare mode, where the antenna is permanently pointed to the nadir, zenith , or space direction, but that is only used for special purposes, such as for spatial calibration using coast line crossings.) Each of the 30 earth views (scene stations) takes about 0.2 s, for a total of approximately 6 s. The actual integration time is somewhat less: approximately 0.165 s per view for AMSU-A1 and 0.158 s per view for AMSU-A2. The calibration system will be described in Section III.
The characteristics of each channel are shown in Table I , which lists three frequency specifications: nominal center frequency, center frequency stability (i.e., the maximum deviation expected from the nominal center frequency value), and as-built bandwidth. All are given in megahertz. The bandwidth notation is "
," where is the number of subbands used for a channel, and is the width of each subband. (e.g., 2 270 means this is a double-band channel, with each of the two bands being 270 MHz wide). The quantity listed as NEDT (the noise-equivalent ) is a measure of the thermal noise in the system and indicates the radiometric measurement sensitivity. It is equivalent to the standard deviation of the signal that would be measured if a 300-K target were observed by the system, i.e., it is the standard deviation of the thermally induced fluctuations.
The RF feed selects, for each channel, a single linear polarization, which is fixed relative to the feedhorn. However, due to the rotating scan reflector, the selected polarization is not fixed relative to the scan plane (and relative to the earth). Rather, it rotates as the antenna reflector rotates. Thus, the polarization vector for channels labeled "V" forms an angle with the scan plane, while the "H"-polarization direction forms an angle 90 -with the scan plane. At nadir, the two directions are in the scan plane and perpendicular to the scan plane and coincide with the polarization directions that are usually called "vertical" and "horizontal," respectively. This is illustrated in Fig. 6 , which shows the various polarization vectors in the plane of the electromagnetic field vectors-i.e., in a plane perpendicular to the direction of propagation. (At nadir, this plane coincides with the horizontal plane, while at a scan angle of , it is tilted from the local horizontal plane by an angle equal to the local angle of incidence.)
B. HSB
HSB is a four-channel microwave moisture sounder implemented as a single module. Physically, it is identical to AMSU-B and is illustrated in Fig. 7 . It measures 70 cm 65 cm 46 cm, weighs 51 kg, and consumes 56 W.
HSB is very similar to AMSU-A. We will, therefore, only give a very brief summary of the pertinent characteristics and otherwise refer the reader to the description of AMSU-A. There is only one antenna. It has a half-power beamwidth of 1.1 , i.e., one-third of the AMSU-A beamwidth and nominally equal to that of AIRS. The diameter of the reflector aperture is 21.9 cm 8.6 . The shape of the "beam" is also similar to that of AMSU-A: it is nearly Gaussian near the center, and it receives nearly 98% of its energy within the main beam-which is 2.75 wide (2.5 times the half-power width). HSB uses a continuously scanning motor (i.e., not a stepper motor). The radiation is sampled "on-the-fly," for 18 ms every 19 ms. The sample cells, defined by the half-power contours, are therefore motion smeared and overlap each other. The effective, motion-smeared beam width in the scan direction is approximately 1.4 . There are 90 samples in the earth-viewing portion of the scan, and the scanner completes three revolutions every 8 s. The sampling density of HSB is, therefore, 3 3 times higher than that of AMSU-A. While the AMSU-A system employs a very simple optical subsystem (each aperture illuminates a single feedhorn), followed by a complex multiplexer and spectral analyzer, the HSB/AMSU-B system employs a complex optical subsystem, followed by a simple multiplexer/spectrometer. Fig. 8 shows how the single antenna beam is split into three paths with dichroic plates and directed into three feedhorns. One feedhorn is used for the 89-GHz signal; one is used for the 150-GHz signal; and one is used for the 183-GHz signal. The latter is followed by a triplexer that allows three 183-GHz channels to be separated out. For HSB, the 89-GHz feedhorn and associated receiver components are absent, but the dichroic plate that would be used to split off the 89-GHz feed is still in place. Table II lists the specified characteristics of the HSB channels. Note that all HSB channels have the V-polarization.
III. IN-FLIGHT CALIBRATION SYSTEM
As described in Section II and illustrated in Fig. 5 , each microwave antenna/receiver system-of which there are four (AMSU-A1-1, AMSU-A1-2, AMSU-A2, and HSB)-measures the radiation from two calibration sources during every scan cycle. The first source is the cosmic background radiation emanating from space. This source is viewed immediately after the earth has been scanned. The antenna is quickly moved to point in a direction between the earth's limb and the spacecraft's horizon. There it pauses (AMSU-A) or drifts slowly (HSB) while either two (AMSU-A) or four (HSB) measurements are taken. The second source is an internal blackbody calibration target, which is at the ambient internal instrument temperature (typically, 0 C to 15 C). This source is viewed immediately after the space calibration view. The antenna is again quickly moved, to point in the zenith direction, where the blackbody target is located. Again, the antenna pauses or drifts slowly while either two or four measurements are taken. Thus, two sets of calibration measurements are obtained for every scan cycle, i.e., every 8 s (AMSU-A) or every 2.67 s (HSB).
Such a through-the-antenna calibration system allows most system losses and spectral characteristics to be automatically accounted for, since the calibration measurements involve the same optical and electrical signal paths as earth scene measurements. (The only exception is that the internal calibration target appears in the antenna near field and can reflect leakage emission from the antenna itself. That effect is taken into account in the ground data processing, however.) This approach has a significant advantage over calibration systems using switched internal noise sources injected into the signal path after the antenna, at the cost of some significant weight gain, since the internal calibration target is fairly massive.
A. Blackbody View
The internal calibration targets are approximately cylindrical in outline and are made up of pyramid-shaped metal structures coated with an absorbing material. Fig. 9 shows an AMSU-A1 calibration target (the pyramids are about 1 cm across and about 4 cm high). The metal base and core ensure that temperature gradients across the targets are small, while the absorbing coating ensures that the emissivity is close to one. For AMSU-A, where the antenna pauses during the calibration measurements, the size and shape of the target matches exactly the antenna shroud aperture. In HSB, where the antenna moves during calibration measurements, the calibration target is slightly larger than the antenna shroud aperture, so that the antenna has a full view of the target during all four measurements.
In order to reduce the effect of random noise, the calibration target is measured several times consecutively-twice for AMSU-A and four times for AMSU-B. The effective measurement noise, after averaging, is then reduced by a factor of (AMSU-A) or 2 (HSB). These values can be reduced even further by averaging over several calibration cycles, as we will describe below.
The emissivity of the calibration targets is required to be at least 0.999. This is necessary in order to keep to a minimum radiation that is unavoidably emitted from the radiometer's local oscillators through the antenna and reflected back off the calibration target. (Such radiation could masquerade as a radiated brightness temperature of as much as 100 K. An emissivity of 0.999, and thus a reflectivity of 0.001, would then yield a reflected contribution of 0.1 K.) Measurements against NIST-traceable reference targets have determined the AMSU-A target emissivities to be 0.9999, the limit of the measurement accuracy.
The targets are not thermally controlled, but since they are somewhat insulated from on-orbit external thermal swings, it is expected that the target temperatures will not change rapidly (less than 0.002 C s) and that temperature gradients across the targets will be minor (less than 0.07 C for AMSU-A). To ensure good knowledge of the target temperatures, there are five (AMSU-A1-1 and AMSU-A1-2) or seven (AMSU-A2 and HSB) temperature sensors-Platinum Resistance Thermometers (PRTs)-embedded throughout each target. Measurement accuracy is 0.1 C. The PRTs are embedded in the metal structure from the rear, close to the coated front surface. One is in the center of the target, while the others are distributed symmetrically around the center PRT.
B. Cold-Space View
For the other calibration data point, the cosmic background radiation is also sampled two or four times consecutively. Here, however, the radiative environment is much more complex than during the warm calibration target view. Although the cosmic radiative temperature is well known K , significant radiation from the earth as well as reflected earth radiation and direct radiation from spacecraft structures enter the antenna sidelobes. There is, therefore, only a very limited unobstructed view of space, between the earth's limb and the spacecraft horizon. This is illustrated in Fig. 10 . The angular width of this sector depends on the orbit. For Aqua, with an orbit altitude of 705 km, the unobstructed sector is about 25 wide. (Note that the cold side away from the sun, i.e., the direction, is always used.) Fig. 4 showed that the antennas receive significant energy outside a 25 sector. Calculations undertaken by Aerojet show that more than 1% of the antenna's energy could be received from earth during the space look, resulting in a contribution to the brightness temperature of the same order of magnitude as that received from space. This contribution can be accounted and corrected for, but only to the extent that the brightness of the earth and the antenna patterns are known. Since the earth's brightness changes with time and location, this is not a trivial problem, and relatively large uncertainties remain. This is, in fact, the largest contribution to the overall radiometric measurement uncertainty, the so-called calibration accuracy.
It is expected that the sidelobe radiation received from the spacecraft-mostly reflected earth radiation and only minimal direct radiation, since most surfaces will be covered with highly reflective material-will be significantly less than direct earth radiation. Therefore, sidelobe radiation within the space view sector is not symmetric. In order to permit the optimal view direction to be determined after launch, based on the actual radiative environment, the microwave instruments have been designed with four allowable space view directions. Any of these may be selected by ground command. Each instrument module (i.e., AMSU-A1, AMSU-A2, HSB) is independent in this respect.
IV. GROUND PROCESSING
In order to facilitate direct comparisons with current NOAA AMSU-A/B measurements, as well as to reduce algorithm and software development risk and project schedule risk, it was decided to use, for the launch-ready processing system, the same calibration approach as is used by NOAA. Although a few enhancements have been added, the calibration algorithms described below are functionally identical to the NOAA algorithms. The NOAA approach has been described in [4] . This approach does not account for imperfections in the channel bandpass filters or the effect of spectral scene variations within the channel. Instead, it is intended that the retrieval processing system model the spectral properties of the instruments and convolve that with the scene in the so-called forward computations that form part of the inversion from radiances to geophysical parameters.
A. Transfer Function
The purpose of the calibration measurements is to determine accurately the so-called radiometer transfer function, which relates the measured digitized output (i.e., counts ) to the associated radiance (1) This function depends primarily on channel frequency and instrument temperature, but it could also undergo periodic and long-term changes due to gain fluctuations and drift due to aging and other effects. Note that by "radiance" we refer to both the physical quantity called radiance, which has units of mW/m -sr-cm , as well as the quantity called brightness temperature, which has units of Kelvins and is often referred to as the antenna temperature. (The latter is the scene brightness temperature weighted by the antenna pattern and other instrument transfer functions. We will use the two terms interchangeably in the following discussion.) We will specify which quantity is referred to only when it is necessary to distinguish between the two.
If the transfer function were perfectly linear, then two calibration points would uniquely determine its form at the time of the calibration measurements, since two coefficients could then be computed (2) It has been a design goal (and a requirement) to make the transfer function as linear as possible, but in reality it is slightly nonlinear. To account for the slight nonlinearities, we add a quadratic term, based on prelaunch test data and actual instrument temperatures-i.e., we assume that the nonlinear term is purely a function of instrument temperature and that its functional form does not change from its prelaunch form. Each of the four receiver systems is treated independently in this respect: each has a measured temperature (such as the RF shelf temper- ature or a mixer temperature) that may be associated with the nonlinearity. Thus, we assume the following form:
Below we describe how the three coefficients , , and are determined. Fig. 11 illustrates schematically. and are the cold-space view brightness temperature and radiometer output, respectively, while and are the corresponding values for the internal calibration target view and and are earth scene values. Thus, the objective of the calibration is to determine the transfer function, so that can be computed from the measured . It may be noted that the range of earth scene brightness temperatures is much narrower than the range covered by the calibration measurements-about 150 K to well over 300 K, versus 3 K to about 280 K.
The transfer function may also be expressed in terms of two system parameters-the gain and the nonlinearity term (4) where the gain is given by (5) and the nonlinear term is given by (6) Here is a parameter that is assumed to depend on the instrument (i.e., receiver) temperature only. It has been determined from prelaunch test data, and values, in brightness temperature units, range from 1.0-1.5 10 for HSB to 1.3-8.0 10 for AMSU-A, depending on channel. In reality, it is possible that will change with time. Since there are only two calibration points, only two parameters (gain and offset) can be determined instantaneously, and we are forced to make the simplifying assumptions regarding the nonlinearity term discussed above. After launch, an important task will be to monitor the actual nonlinear behavior of the instruments using long-term statistics as well as periodic vicarious calibration measurements.
The three coefficients , , and can be expressed in terms of these quantities (7) (8) (9) This is the NOAA approach, which has been implemented here and is described in some detail below.
B. Processing Steps
There are six major steps for obtaining the three calibration coefficients , , and . Each step is described in summary form below.
Step 1) Determine blackbody radiance : a) The target's physical temperature is determined as the average value derived from the embedded PRTs, plus a bias correction term that depends on the receiver's physical temperature. (This is done by interpolating a table derived from ground tests.) Only PRT values that have passed various quality checks are used, and a minimum number of good values is required-otherwise, the calibration cycle is flagged as bad. b) A linear transformation of the form (where and are derived from test data) is used to account for deviations from the monochromatic assumption. This only applies to a few channels with relatively wide bandwidth. c) Finally, is computed as the product of target emisivity (essentially one) and the effective temperature. There is one value for each channel.
Step 2) Determine cold-space radiance : a) A radiometric temperature of 2.72 K is used. b) This is converted to a brightness temperature using the so-called thermodynamic inverse of the Planck function , where . c) A correction term is added to account for earth radiation entering the antenna sidelobes. Static, one-dimensional tables are used at launch; the dimensionality will be expanded after launch to account for the fact that the earth's brightness is not isotropic. d) The location of the moon is monitored; if it is near the space view, that space measurement is rejected.
Step 3) Determine blackbody radiometer counts : a) The radiometer counts for the current calibration cycle (two for AMSU-A or four for HSB) are averaged. b) A triangular smoothing function is applied to the current-cycle average and the three preceding and three following averages, to obtain a weighted average count for each channel. c) In each of the steps above, only measurements that passed various quality checks are used, and a minimum number of values are required-otherwise, the calibration cycle is flagged as bad.
Step 4) Determine cold-space radiometer counts : The same procedures as described above are followed for the cold-space counts.
Step 5) Determine the gain and nonlinearity term , :
a) The gain is computed per (5). b) The nonlinearity coefficient is determined by interpolating a channel-dependent table at the receiver temperature used in Step 1a). c) Various quality checks are used also in these steps.
Step 6) Compute calibration coefficients , , : The three coefficients are now computed according to (7)-(9). If the calibration cycle has been flagged as bad, the most recent coefficients are used.
C. Sources of Errors and Uncertainties
Errors can be classified as bias errors, which are uncertainties in the bias corrections applied, and random errors, which are uncertainties due to random fluctuations of the instrument characteristics. We generally correct for all known biases, so that only their uncertainties remain. We assume that all uncertainties are independent and random and add up in a root-sum-square sense. (This is not strictly correct, but the resulting errors in the uncertainty estimates are estimated to be relatively small.)
As was explained in the introductory part of this section, the in-flight calibration procedure consists of determining the transfer function at two points-the cold-space calibration view and the internal blackbody calibration view-and fitting a quadratic function between these two anchor points, where the quadratic term is a predetermined function of a characteristic instrument temperature. The transfer function thus determined is then used to convert earth scene radiometer measurements to corresponding radiances (brightness temperatures).
The absolute accuracy of this radiance is termed the calibration accuracy (calibration accuracy is strictly defined as the difference between the inferred radiance and the actual radiance when a blackbody calibration target is placed directly in front of the antenna). It can be expressed as (10) where (11) is a relative measure of the scene radiance and typically ranges from 0.5 to slightly more than one.
is the uncertainty in the blackbody radiance; is the uncertainty in the space view radiance;
is the uncertainty in the transfer function peak nonlinearity term; is the uncertainty due to random instrument fluctuations; and is the scene radiance. Note that no biases are included in (10); it expresses the uncertainty only. The contributors to these uncertainties are listed below. The magnitude of each term in (10) is estimated as part of the calibration processing, based on prelaunch estimates of the terms listed below, so that overall error estimates can be generated. (In addition, NEDT estimates are derived from the observations themselves).
1) Blackbody error sources : a) uncertain knowledge of the emissivity; b) uncertain knowledge of the physical temperature; c) reflector/shroud coupling losses; d) reflected local-oscillator leakage. Of these, b) is the main contributor and is estimated to be 0.1 K. 2) Cold calibration error sources : a) uncertain sidelobe radiation from earth; b) uncertain sidelobe radiation from the spacecraft; c) uncertain knowledge of the cosmic background. Here, c) is negligible, and a) dominates. It is by far the largest overall source of error and is estimated to be on the order of 1 K for AMSU-A and less for HSB. 3) Instrument error sources , : a) nonlinearities; b) system noise; c) system gain drift; d) bandpass shape changes. Here, b) and c) dominate and are estimated to be 0.05-0.1 K, depending on channel. In addition, there is the possibility of electromagnetic interference (EMI), such as occurred in the first NOAA AMSU-B. Should such behavior be detected, we will attempt to identify the source and establish a correlation between the activity of the source and the magnitude of the resulting bias. This would make it possible to model the EMI bias, which could then be removed as part of the calibration processing. This is what was done in the case of AMSU-B: the correlation between the output power of the spacecraft transmitters (the source) and the interference signal was established, and the transmit power indicators were subsequently used to compute a predicted bias that is in turn removed from the observations.
D. Prelaunch Calibration Parameters
A number of tables have been derived from ground test data. Some, such as the blackbody temperature corrections applied in
Step 1a), are directly derived from measurements made by the instrument providers as part of integration and testing. Others, such as the space view sidelobe corrections applied in Step 2c), have been computed using certain models and assumptions (e.g., a uniform brightness temperature climatology model for the earth). Still others, such as the data quality check limits applied in most steps, are based on experience with the instruments during testing and with similar missions. Table III lists some of the most important calibration parameters derived from ground tests: the warm-load bias discussed in Step 1), the nonlinearity coefficient discussed in Step 5) , and the space view sidelobe correction discussed in Step 2).
E. Postlaunch Activities
After launch, there is an initial checkout period, where correct functioning is verified, and the basic engineering telemetry is analyzed. This also includes determining radiometric noise levels and selecting the best space view calibration position. This phase lasts for two to three weeks. The instruments then start collecting science data. Although there are numerous interruptions due to special operational modes and spacecraft maneuvers, these data are used to analyze the radiometric performance of the instruments and the quality of the calibration. The microwave instruments will start operating in normal science mode about 45 days after launch, and a full-fledged calibration validation will then proceed. Validation methods include vicarious calibration, comparisons against radiosondes and numerical weather analyses and forecasts, and statistical analysis of residuals. We will also make comparisons with observations from other satellite instruments (e.g., NOAA AMSU-A/B and Aqua AMSR-E) as well as aircraft instruments, should suitable opportunities present themselves. The AIRS validation approach is discussed elsewhere [5] .
In addition to reports, the various analysis efforts will result in updated calibration parameters that will improve the quality and accuracy of the calibration processing. An example of this is the cold-space sidelobe correction. The at-launch baseline approach, described above, is to apply a single, static correction for each channel. It is expected that, based on observations, this will be expanded to a location indexed table that accounts for orbital variations caused by a nonuniform brightness of the earth. We also expect to use "pure" observations of deep space during spacecraft roll and pitch maneuvers to improve these parameters.
Finally, although the NOAA calibration approach will be used as the baseline, we will also examine alternative algorithms. This could involve a significant change in the software, however, which will only be considered if it has a significant impact on the AIRS geophysical data products.
